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TECHNICAL NOTE
Roberto Cameriere,1 M.D.; Luigi Ferrante,2 Math.D.; and Mariano Cingolani,1 M.D.
Variations in Pulp/Tooth Area Ratio as an Indicator
of Age: a Preliminary Study∗
ABSTRACT: This paper details a method for age determination of adults from single rooted teeth. The sample consisted of 100 Italian white
Caucasian patients (46 men, 54 women) aged between 18 and 72 years. The single rooted maxillary right canine was utilized in this preliminary
study. Pulp/root ration, tooth length, pulp/tooth length ratio, pulp/tooth area and pulp/root width ratios at three different levels were computed.
Pearson’s correlation coefficients between age and these variables showed that the ratio between pulp and tooth area correlated best with age
(r2 = 0.85). Stepwise multiple regression models yielded a linear relationship between pulp/root width at mid-root level and chronological age and
a linear relationship when pulp/tooth area was compared to age. Statistical analysis indicated that these two variables explain 84.9% of variations
in estimated chronological age. The median of the absolute value of residual errors between actual and estimated ages was less than four years.
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Several papers in the field of forensic odontology deal with
estimating chronological age in humans (1–8). Although skeletal
radiology is the most widespread method for age estimation in li-
ving subjects, new techniques have allowed great improvements in
the X-ray processing of teeth. These techniques are better suited
for age estimations than bones in adults (4,5). The most widely
used methods of age estimation depend upon subjective assessment
of tooth development. Inspection of radiographs (by magnifying
glass and caliper) and subsequent comparisons with radiographic
images, drawings and descriptions in charts yield “maturity scores”
(1–3,7,8).
Alternative approaches based on digitalization of panoramic
radiographs and their computerized storage have recently become
available (6). These procedures exploit image analysis to obtain
nondestructive metric measurements of both pulp chambers and
teeth. Forensic odontologists may now utilize these techniques that
are relatively precise and accurate (6). Computer-assisted image
analysis avoids the bias inherent in observer subjectivity, improves
the reliability and the statistical analysis of data.
A number of statistical methods have been proposed for age deter-
mination of adults. Most of these methods are based on establishing
correlations between individual age (dependent variable) and some
significant tooth parameters (predictors) obtained from digitized
radiographs (9). The most frequently used statistical technique for
age estimation in forensic dentistry is multiple linear regression,
although partial least-squares linear regression, polynomial regres-
sion, and other robust regression methods have also been applied.
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The purpose of the present investigation is to present a method for
assessing chronological age based on the relationship between age
and measurement of the pulp/tooth area ratio (AR) on single-rooted
teeth. In an attempt to improve the precision and reliability of age
estimations, other dental features were also taken into account and
the different statistical models were compared.
Materials and Methods
Subjects and Materials
Orthopantomographs of 100 Italian white Caucasian patients
(46 men, 54 women) aged between 18 and 72 years were analyzed
(Table 1). X-rays were digitized using a scanner and images were
recorded in a computer file. Image analysis showed how canines,
incisors and second premolars yield the clearest digital images.
For this preliminary study, the right maxillary canine was selected,
because it was always present and was the most suitable for mea-
surement.
Radiographic images of canines (RIC) were processed using a
computer-aided drafting program (AutoCAD2000, Install Shield
3.0, 1997). Twenty points from each tooth outline and ten points
for each pulp outline were identified and used to evaluate tooth
and pulp areas. Measurements of the RIC yielded pulp and tooth
areas; tooth, pulp and root lengths; and pulp and root widths, at three
different levels. All RIC measurements were carried out by the same
observer. To test intra-observer reproducibility, a random sample of
twenty RIC were re-examined after an interval of two weeks.
Statistical Analyses
The following morphological variables were recorded (9): p =
pulp/root length; r = pulp/tooth length; a = pulp/root width at
enamel-cementum junction (ECJ) level; c = pulp/root width at mid-
root level; b = pulp/root width at midpoint level between ECJ level
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TABLE 1—Age and gender distribution of study sample.
Age No. of No. of
(Years) Males Females Total
18–29 11 12 23
30–39 15 15 30
40–49 9 15 24
50–59 6 5 11
60–69 5 5 10
70–73 0 2 2
Total 46 54 100
and mid-root level; AR=pulp/tooth area ratio. These measurements
were normalized to allow for angulation distortion (9).
The morphological variables, the age and the subjects’ gender
were entered in a Microsoft EXCEL R© spreadsheet for use as pre-
dictive variables for age estimation. Unlike other methods (9), the
t ratio (tooth/root length) in measured morphologic variables, be-
cause it is functionally dependent on p and r (t = p/r) and therefore
does not add information concerning dental age. The chronologi-
cal age was calculated by subtracting date of birth from the date
of radiograph. Intra-observer reproducibility of measurements was
studied using a paired t-test.
Correlation coefficients were evaluated between age and predic-
tive variables. A multiple linear regression model for age prediction
was developed by selecting those variables, which contributed sig-
nificantly to age estimations using the stepwise selection method.
Analysis of covariance (ANCOVA) was then applied to study pos-
sible interactions between significant morphological variables and
gender. Statistical analysis was performed with S-PLUS 6 statistical
programs (S-PLUS R© 6.1 for Windows PROFESSIONAL EDITION
Release 1). The significance threshold was set at 5%.
Results
There were no statistically significant intra-observer differences
between the paired sets of measurements carried out on the RIC
(p = 0.64).
Pearson’s correlation coefficients between age and morpholog-
ical variables (Table 2) showed that the ratios between length
measurements correlated worst with age. In particular, the variable
p (ratio between pulp and root length) was not significantly corre-
lated with age and was therefore excluded from further statistical
analysis.
All other correlation coefficients between age and morphologi-
cal variables were significant and negative. The subjects’ age was
modeled as a linear function of the morphological variables (pre-
dictors). A stepwise regression procedure was applied to optimize
the model. The results (Table 3) show that only variables AR and c
contributed significantly to the fit. The regression model utilizing
AR and c, yielding the following linear regression formula:
Age = 86.53 − 457.15 AR − 22.98 c (1)
This model had the lowest AIC (Akaike Information Criterion)
value (624.0) among the considered linear models. There was a
modest improvement in model fit when all five predictors were
used. The full model explained 85.1 % of total variance, whereas the
model, with the AR and c variables explained 84.9% (r2 = 0.849).
The median of the absolute values of residuals (observed age
minus predicted age) was 3.7 years, with a quartile deviation of
4.3 years.
TABLE 2—Correlation coefficients between age and predictive
morphological variables.
RA p r a b c
−0,92 0,11∗ −0,21† −0,31 −0,38 −0,42
∗ No significance p < 0.05.
† p = 0.04.
TABLE 3—Stepwise regression analysis predicting chronological age
from selected predictors.
Regression Standard
Coefficient Error t97;0.05 p-level
Intercept 86.53 2.26 38.26 <0.001
RA −457.15 21.92 −20.86 <0.001
c −22.98 11.17 −2.06 0.042
TABLE 4—Summary table of ANCOVA.
df SS MS F p
Intercept 1 41219.17 41219.17 1433.59 <0.001
RA 1 12439.44 12439.44 432.64 <0.001
c 1 128.55 128.55 4.47 0.037
Gender 1 11.67 11.67 0.41 0.526
Error 96 2760.23 28.75
Total 99 18374.91
The residual plot (Fig. 1, left panel) shows no obvious pat-
tern and only three observations appeared to be outside the ex-
pected boundaries. The observed versus predicted plot (Fig. 1, right
panel) shows that the regression model fits the trend of the data
reasonably well. Hence, both diagnostic plots support the cho-
sen model. Only a small increase in the residual could be seen
when the simplest linear model with only AR as covariate was used
(age = 84.31 − 473.86 AR). It should also be noted that, although
it was not the best fit, this simple linear model explained 84.26%
of total variance.
To study the possible effect of gender on the linear regression
model, an analysis of covariance was performed (ANCOVA). Ac-
cording to the previous analysis, covariates AR and c had a signif-
icant influence on the age of subjects (Table 4). The small F-value
which accounts for gender (F = 0.406; p = 0.526) revealed that
gender does not significantly influence the regression model used
to estimate chronological age for both female and male groups.
Discussion
The need to estimate the age of living individuals is becoming
increasingly important in forensic odontology. There are increasing
numbers of immigrants (illegal or otherwise) who arrive in a coun-
try without acceptable identification papers and, more generally,
individuals with missing or uncertain birth data. The study of the
morphological parameters of teeth on dental X-rays of adult humans
is more reliable than most other methods for age estimation.
Several studies show that morphological measurements can be
reliably utilizing panoramic dental radiographs. These studies re-
quire that some corrections are made to take into account individual
variability of tooth size, differences in magnification of radiographs
and angulation between X-ray beam and film. Some studies (9,10)
suggest using the ratio between pulp area and tooth, and the ratios
of length and width of the pulp/tooth area, instead of their direct
measurement. When area, length and width of pulp and tooth were
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FIG. 1—Plots of residuals against fitted values (left panel) and of observed versus predicted values (right panel), with regression model 1.
measured on digitized images of canines, the paired t-test showed
that there were no significant intra-observer differences. It can be
concluded that the RIC technique can produce reliable and repro-
ducible intra-observer measurements.
In the sample of 100 individuals, the AR (pulp/tooth area ratio)
of the right maxillary canine proved to be closely correlated with
subjects’ chronological age. The application of the RIC method for
age estimation seems promising (10,11). Further study will include
applying the RIC method to other single rooted teeth such as incisors
and second premolars.
This preliminary study was limited to the right maxillary canine
because it was always present and generally showed clearer images
than other single rooted teeth. Nevertheless, including other single
rooted teeth and their morphological parameters should provide a
better estimate of chronological age. Statistical analysis on regres-
sion models shows that the RA is better correlated with chronolog-
ical age than the linear measurement ratio, and the pulp/root ratio.
Width is a better indicator of age than length.
The RIC method yields a median of the absolute value of resi-
dual error of less than 4 years, and a standard error of estimate
of 5.35 years. It is therefore comparable to other age estimation
methods in adults. This method is reasonably accurate considering
that only one canine was evaluated for each subject. Analysis of
covariance showed that gender had no significant influence on age
estimation when only right maxillary canine measurements were
utilized. Gender was not included as a factor in the model equation.
Repetitive measurements must be carried out by other independent
observers in order to verify inter-observer reproducibility (12). Also
the determination of minority/majority age will be an important field
of future application.
In the future, image analysis programs which can recognize pulp
outlines in a radiographic images will be very useful in minimizing
human manual measurement of morphological parameters, and will
probably reduce both inter- and intra-observer variability.
Other planned studies include attempts to reduce the residual
standard error and a comparison of multiple linear regression mod-
els for age estimation with other statistical methods such as partial
least-squares, robust regression methods, or other non-linear regres-
sion procedures.
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